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IR LASER EXCITATION IN MOLECULES:

CHAOS AND DIFF’USIi’EENERGY CROWTII

Jay R. Ackerhalt and Peter W. Milonni

Theoretical Division T-12
Mail Stop - J569

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Abstract

After a short review of a generic vibrational model of IR
multiple-photon excitation, we generalize the model to include rotations.
It is shown that the combination of chaotic dynamics and rotational
averaging leads to fluence-dependentabsorption which removes the
sensitivity of the results to model-dependent parameters. The classical
rotacjon-vibration dynamics observed in this model correlate very well wit’~
one’s quantum intuition based on a molecule’s P, Q and R-branch structure
and on the red-shift of the vibrational absorption with excitation. The
ir~plicationof these results for MPE experiments is discussed.
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Introduction—

Infrared multiple-photon excitation (MPE) of polyatumic molecules was a
major area of research for roughly a decade beginning in 1971 with the work
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of Isenor and Richardson. Their experiments showed that modest laser
powers could easily dissociate a polyatomic molecule. The promise for the
future was bond-selective laser photochemistry and laser isotope separation.
As this research field grew over the next ten years, it became clear that
molecules were not as discriminating with respect to laser wavelength and
intensity as was first hoped. By the mid 1980”s the field had been nearly
a’ba.ndoned.A few diehards, like ourselves, refused to give up because a
solid theoretical explanation O: the pheno snon had not yet been found. So
here we are today, still talking about MPE.

As the MPE era was winding down in the early eighties, we were aware of

the data collection efforts of Judd*. He had graphed experimental data on
roughly fifty different molecules, all on basically the same
fluence-dependent absorption curve,— —. after scaling out the small-signal cross
section and excited population fraction. Based on this result we decided
that MPE must be a general consequence of the interaction of the laser with
the molecule, independent to a certain extent of an individual molecule’s
ldiosycrasies. Therefore we formulated a generic model of MPE incorporating

3
onl,!’the essential features of the phenomenon.

Vibrational Model

The Hamiltonian chosen to represent t?lisvibrational model of MPE was

m m
(1)

where the terms in orde~ of appearance from left to right represent the
anhnrmonic pump mode (two terms), laser-pump mode coupling, harmonic
background modes, and the ptImIpmode-background mode coup!ing, This form of
the Hamiltonian assumes thnt the laser can be treated classically, the
rotating-wave approxinution is valid, and the excitation number is
conserved, The parameters describing the process nrc A, the frequency
detuning of the laser from pump-mode resonance; X, the pump-mode

anharmonicity; 0, the I&hi frequency; Em, the frequencj offset of the m
th

background mode from tl)epump mode;
tll

and Pn),the coupjin~ strcn~th of t}lt!m

background mocicwith the pump mocic, Scvcl’ulnppruximntions were nvldt!it]
solving this model basccion the gcnernl nature of the MPE process; the

-1background modes nre cqurillyspnccci(r = A. + mo , where A. is the
m

frequency offset of the zero mode), t}lnbackground-purnpmode couplir~gis
constunt [~m=[~),und since it takes rou~hly 30 to 40 photons to dissocll~tu

rNtnyof the lnrgcr molecules like SFG, chc dynmmics can be solved
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one’s knowledge of molecules: A specified for Q-branch excitation, x = 2
-1

,fl= .3 cm
-1

consistent with roughly 10 MW/cm2
-1

cm in SF6, p = 4/cm w,d ~

-1
=.2cm .

Using the %miltmian (l), making the approximation that the number of
background modes is infinite ( an approximation jtlstifiedin the context of

radiationless transition theory by Bixon and Jortner4). eliminating the “
background modes, and simplifying the equations using the Poisson summation

formula5, the dynamical cq”:a:ions of itlotion become

.
a(t) = - i(A-x) a(t) + 2iK la(t)12a(t) - if?- (7/2) a(t) - ? s(t)

(2a)

s(t) =e ‘iW [S(t-TR) +&I(t-T~)] (2b)

where -r~ 2m/32pis the Fermi Golden Rule rate, TR s 2vp 1s the memory

recurrence time caused by having an equally-spaced background, and w ~ (A +
Ao) TR. In Figs. (la) and (lb) we show the results of integrating Eqs. (2)

2
with a(0)=O and v=rr/2for la(t)] and the total photons absorbed versus
time, respectively. The total absorbed photons have some iriitial
regularity, but after roughly 8TR begin an average linear growth whose S1OPG

is dependent on the initial choice of W. In previous calculations for
similar parameter regimes the observed dynamics wero shown to be chaotic by
computing the moxlrnalLyapunov exponent. In Fig, (2a) we show a Fast
Fourier Transform (FFT) of the dyrwnics shown in Fig. (la) (Note the
characteristic broadband spectrum of chaos.). In Fig, (2b) we show another
F~ of the same dymmics as shown in Fig, (la), except the initial condition

has been slightly modified, a(0)=(.05@)eiT’4. The spectra shown in Figs.
(2) are very different considering the rather small change in initiul
condition. ‘f’hishigh degree of spectral sensitivity to initial conditions
is a nonrigorous but inexpensive measure of chao’,icdynamics, as FIT
computations are much faster than the corresponding Lyapunov-cxporlmt
calculations, Since the laser pulse envelope is square, the lineni
absorption of photons reflects a fluence-dependentabsorption, consistent.
with experimental trends, In fact we argued tint the chaotic absorption of
photons is the bond thnt links the fluence depenucncc shown by so muny
different molecules, However, the sensitivity of the slope to q was m
unsettling fco.tureof this model.

It is interesting to pojnt out that chaotic dynamics and an uvcrngc
Iincur energy growth in time hnve been observed in other systems. (.hsnti(It
nl. found this same type of energy growth in the pcriodicnlly kicked

G
pendulum. Similar results were rc;mrtcd by Leopold and Percival, who
considered a classicnl model of u hydrogen atom in u sinusoidal electric

fit!ld,’fFurther relnttxlwork wus rcccntly dcscribcd by van Lccuwan et nl,,
who report cxcellcnt.n~rccmcnt bctwrcn their clrissicnlcompututiorlsnrld
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their experiments on the micro~:.-,eionization of hydrogen.
8

This research
coupled with our own work on MPE illustrates the importance of chaos in
these driven systems.

In order to make a real comparison with experiment we decided to couple

Maxwell’s equations to the molecular medium.
9

As interesting as the results
., tielc,we again found a strong sensitivity to q. Thus It became clear that-8,.s.

any treatment of MPE which had any hope of comparing directly with
‘experimenttmust include the molecule’s rotational structure.

Rotational Model

Including rotations at lowest order in a MPE model was previously done

by Calbraith, et al.
10

In this case the pump mode was harmonic, and no
background modes were included in the model. ‘1’hsresulting chaotic dynamics
occurred entirely from the (nonlinear) coupling of the rotatio:~of the
molecule with the laser. The rotational dynamics were contained in the
dipole coupling term which consisted of the laser in the lab frame and the
vibrational dipole moment in the molecular frame. In related work Jones and
Percival found that even for constani rotational angular momentum the
additional time dependence in the dipole coupling term was sufficient to
give a fluence dependent =%orption, which was not exhibited by their purely

11
vibrational model.

Following the work of Calbralth, et al., we have included rotations in
this quasicontinuum model of !!!Z. The Hamiltonian (1) becomes

where the laser-molecule coupling term has been modified to include the
direction cosine rnntrixof the molecule relative to the laser, oriented
aiong the 3-axis in the lab frame. I%,*last term represents the rotation of
the molecule about the 1- and 2-oxes. This model is simplified in that the
nondegenerate pump mode, oriented along the 3-axis in the molecular i’ramc,
is treated as a diatomic molecule, so that it has no rotational angular

momentum along that direction. The value of B. is chosen as 0,1 cm”-lin all

cases,
The dynnmical equations governing this system, raking all the same

assumptions as was done for Eqs. (2), arc

n(t) = - i(A-x) n(t) + 2ix lu(t)12u(t)- iflP3(t) - (7/2) u(t) - -rs(t)

s(l) := c-4w[%(t_TR) + n(t-’r~)l
(“II))
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Jl(t) =f2P2(t) (ala+) (4C)

J2(t) =- flPl(t) (a(t)+at(t)) (4d)

Pi(t) = - 2B0 J2(t) P3(t) (4e)

P2(t) =2BOJl(t) P3(t) (4f)

P3(t) = - no [J+O’20) -J2(W’l(t)) (4g)

where for ease in comparing results from this model with the earlier
vibrational model, we have specified P3(0) = 1, P2(0) = PI(0) = J2(0) = O.

Therefore, we recover the previous vibrational model for JI(0) = O and have

a simple rotatioml model for JI(0) # O. From Eqs. (4) the absorbed

rotational and vibrational energy in the molecule are

Abs. Rot. Energy = - ~~~P3(t’) Re(a(t’)) dt’ (5a)

Abs. Vib, Energy = - 20~~P3(t’) Im(a(t’)) dt’ . (5b)

In Figs, (3a) and (3b) we show the sq(~areof the rotational angular
momentum and photons nhsorbed per molecule vs. time, respectively, computed
using Eqs. (4) and (5) with Jl(0) =6, All other parameters have been

chosen the same as in Figs. (1), Two aspects of these figures should be
noteti:the regular region shown in Fig. {lb) In the early absorption regime
is absent in Fig, (3b), and the rotational absorption to some extent C1OSC1Y
parallels the vibrational absorption, We have confirmed that the dynamics
is chaotic usir,gan FFT as described above. In FiEs, (4) and (5) we show
the exact.same dynamics as in Figs. (3), but for the P- and R-branches,

-1respectively, i.e., A = 3,2 cm and A
-1

= 0.8 cm , In comparing Figs, (3)
through (5) one immediately notices that the overnll absorption is sensitive
to detuning, In addition, the R-branch rotational absorption curve very
closely paralleis the corresponding vibrational absorption curve in both
shape and numbur of quantum changes. This is not completely surprising,
since in the R-brnnch A.J=l,consistent with a onc-t,o-onccorrcspond~)llcc
between vibrational u.ndrotntionnl nl~sorptionof qwtn’a. W?:atis pcrh:lps
surprising is that this calculation :,scompletely classical.

In F~gs. (3) and (4) ono noticc~
Thi\ ~:2

thnt the P-brunch (AJ=-1) curve for
shows an initial dccreusc, a fltltregion id nn itlcrcasfngregton, . .
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again entirely consistent with our quantum intuition, since the
anharmonicity of the pump mode shifts the absorption feature to the red with
increasing vibra~ioml excitation making the rotational dynamics shift from
P- to Q- to R-branch absorption. Our quantum intuition also works well in
describing the Q-branch results show-nin Fig. (3). In all the cases we
studied, the correspondence between it)tational and vibrational quantum
changes was in very good agreement with our expectations from quantum
mechanics in both magnitude and direction.

Since the fluence-dependent chaotic absorption for cases where JI(0)>O

showed linear absorption over the entire time interval with no initial
regular period, as in Fig. (l), we began a study where the electric field
envelope was time-dependent. We chose two profiles to study: one a fairly
wide super--Gaussianand the other a moderately narrow Gaussian, both shown
in Figs. (6a) and (6b), respectively. The two pulses were chosen to have
the same fluence. In Figs. (7) and (8) we show the excitation using the
same parameters and format of Fig. (3), but with the excitation due to pulse
envelope formats represented by Figs. (6a) and (6b), respectively. A
comparison of these figures shows the very strong fluence (rather than
intensity) dependence of the absorption. We should mention, however, that
the overall absorption Is still very sensitive to the exact value of Q.

Completed Results and Conclusions

We concluded our calculations by performing a rotationally averaged
calculation of the molecular absorption. For simplicity we used a
temperature of 11.74 degrees Xelvin so that the peak of the Boltzmann
distribution was at J=6 and the largest J needed for the calculations was
J=20. The calculations were performed for various electric field envelopes,
values of q, and detunings. Our overall results showed onlv a verv slight
dependence on w and a strong %nce-dependent chaotic absorption for pulse
envelopes of compaCt Support. ( We noted some anomalies when we used
full-windowed square pulse shapes which have an instantaneous turn-on and
-off.)

The gloh~l implication of these calculations is that the strong (onsets
with the turn-on of the electric field) fluence-dependentabsorption in IR
MPE Is due to chaos origimting in the interaction of the laser with the
rotatinE molecule’s enharmonic pump mode and the intramolecular transfer of
energy to the remainder of the molecule. This fluence-dependent ~bsorption
had previously been attributed to simply a large density of states in the
molecular quasicontinuum, justifying a rate-equation description of the MPE
process. It is interesting that this Hamiltonian system does not require ad
hoc homogeneous broadening mechanisms in order to obtain incoherent rate
dvrmmics. The observable effect of this MPE chaos in experiments is a
Beer’s law ab~orption of pbntons, and as many of us already know, this type
of absorption was a hallmark of the majority of MPE experiments performed
ovtirthe last decade. While this is certainly not definitive pi’~~f that
chaos plays a fundamental role in MPE, lt is a completely consistent
interpretation of the experimental results.

Wc would like to acknowledge our previous collaboration with Harold
GaIbraith,
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Fizure Captions

1) a) Number of quanta in the pump mode vs. time (T ), b) Total quanta inR
the molecule vs. time (TR). Parameters given in the text.

2) Logarithmic plot of FFT vs. frequency (cm-l), a) a(0)=O, b)

a(0)=(.05ti)eir’4.

3) a) J2 vs. time (TR), b) Total quanta in the molecule vs. time (~R),

Q-branch excitation (A=2.0cm-1).
.

4) Same as Fig. (3), but with P--branchexcitation (A=3.2cm-1).

5) Same as Fig. (3), but with R-branch excitation (A=O.Scm-l).
6] Electric field pulse shapes vs. time (TR), a) Broad l~!.ghorder

super+nussian, b) narrow Gaussian.
7) Same as Fig. (3), but with pulse shape shown in Fig. (6a).
8) Same as Fig. (3), but with pulse shape shown in Fig. (6b),
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